Abstract. In high energy collisions, partons produced in the initial stage undergo multiple interactions and yield a collective motion as a whole. Recently, several questions have risen including how small the system can be for producing the collectivity, and how far in rapidity the collectivity extends. PHENIX has measured the particle flow in p + Au, d + Au, and 3 He + Au collisions over several energies as well as over wider rapidity range. In this work, we summarize our results on the particle flow and discuss the implications for collectivity in small collision systems.
Introduction
Many studies of the properties of the Quark Gluon Plasma (QGP) have been done. One of the key observations in heavy-ion collisions is that the created medium behaves like almost ideal fluid; we call it the strongly coupled QGP. The collectivity in heavy ion systems is multi-particle correlations with the large rapidity gap which originated from a common source. On the other hand, there also exist non-collectivity originated correlation such as jet, parton decays for example. In the di-hadron correlations v n , the coefficient of Fourier harmonics is commonly attributed to hydrodynamic flow.
Until recently, the collective behavior was not expected in small systems. The observation of a long-range, near-side ridge in high multiplicity p+ p by the CMS experiment challenged this view [1] . PHENIX has also studied the collectivity in small collision systems. Previously these studies have been only on the p T dependence in the most central events. More recent studies have expanded to all centralities to facilitate quantitative studies on the role of system size and non-flow effects, and also the rapidity η dependence to study the longitudinal structure of the observed correlations. Table 1 . Small system data taken by PHENIX experiment. 3 He + Au d + Au p + Au p + p 200 GeV 62. 4 GeV 39 GeV 19.6 GeV Figure 1 . PHENIX detector coverage. The central arm (CNT) covers rapidity range of −0.35 < η < 0.35 with partial azimuthal coverage (∆φ = π). The FVTX (forward silicon vertex tracker) and BBC (beam beam counter) are implemented in both south and north directions and cover 1 < |η| < 3 and 3 < |η| < 4 with full azimuthal coverage. Figure 1 shows the rapidity coverage of a part of the PHENIX detector subsystems involved in the present analysis. The central arm (CNT) which covers mid-rapidity can measure charged particles and particle identification with a limited acceptance is also possible. The FVTX and BBC are the spectrometers at forward (positive, north) and backward (negative, south) rapidity. In the collectivity study of small systems, we use the beam beam counter (BBC) for triggering minimum bias and high multiplicity events, calculating event plane resolutions, and measuring two particle correlations. We also use the forward silicon vertex tracker (FVTX) to measure charged tracks and event planes. In the p + Au, d + Au and 3 He + Au runs, particle multiplicity is higher at the south arm because Au ions move to the south arm, which is the backward rapidity. Therefore, the BBC and FVTX located at backward rapidity are used for event plane determination.
The PHENIX detectors have an advantage in wide acceptance range which allows us to study correlations in various pseudo-rapidity (η) ranges. . ∆η gap increases from left to right. Since clear near-side ridge structure is shown in all combinations, we can expect non-zero v 2 . In case of the correlation function between the central arm and the south FVTX, it shows the largest coefficient of the second order cosine modulation (c 2 ). It is possible to include a larger effect from intra-jet or di-jet (non-flow effects) due to the small ∆η gap. As ∆η increases the non-flow effects are expected to be decreased and c 2 in Figure 2 shows a decreasing trend. However, we can still see a near-side ridge structure even in the two particle correlation function in 6.2 < ∆η < 7.8, where the non-flow effects are expected to be negligible. 
Analysis method
Two independent analysis methods are used for the collectivity study in small systems. One method is using event plane which is measured by the south FVTX or the south BBC.
The event plane resolution is calculated by comparing event planes from the three independent systems. We used the central arm, the south FVTX, and the south BBC for the resolution calculation and applied to the raw v 2 . The raw v 2 of charged particles at the mid-rapidity is the amplitude of cos 2φ modulation from the ∆φ distribution between the charged particles in the central arm and event plane.
The other method is two particle correlation method (2PC) [3] which uses the ratio between the angular correlation of the particle pairs in a same event and mixed event with normalized by the total number of pairs of each. The Fourier coefficients of the second order cosine modulation (c 2 ) from the three detector combinations are used to get the v 2 . We confirmed the consistency between these two methods. p + Au centrality dependence with function of p T is the result by using the two particle correlation method. For further understanding, the experimental data are compared with the AMPT [7] model v 2 calculations using both the parton plane and the event plane methods in Figure 5 . The green curves (v 2 {Parton Plane}) are the v 2 extracted by the parton plane method which is corresponding to initial collision geometry, and the blue curves (v 2 {EP}) are measured by using relative angular position to the event plane based on the produced particles in Monte-Carlo simulation. The AMPT v 2 {EP} calculations follow the real PHENIX detectors acceptance at the four collision energies. The results of the AMPT v 2 {EP} follow the increasing trend of the v 2 data as collision energy becomes lower. On the other hand, in case of the AMPT v 2 {Parton Plane}, not only it is smaller than the data and the AMPT v 2 {EP} but also it moderately decreases as the collision energy becomes lower. From these data comparisons with two sets of AMPT calculations, it is clear within the AMPT model that there are considerable fraction of the non-flow contribution in the measured v 2 especially dominated in the lower collision energy. In summary of the beam energy scan results, the measured v 2 is larger in higher p T , peripheral collisions, and lower collision energy. The AMPT v 2 {EP} reproduces general shape of p T dependence in v 2 . On the contrary, the AMPT v 2 {Parton Plane} calculations excluding possible non-flow effects therefore tend to underestimate the experimental data. lation. There is a clear energy dependence at the backward rapidity, which is the direction of the Au beam, whereas the rapidity dependence is weaker at the forward rapidity. In addition, the v 2 of the backward rapidity is larger than that of the forward rapidity at high collision energy, but this asymmetric shape quenches as the collision energy becomes smaller. 
